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Ideal time-frequency (TF) masks can reject noise and improve the recognition of speech-noise

mixtures. An ideal TF mask is constructed with prior knowledge of the target speech signal. The

intelligibility of a processed speech-noise mixture depends upon the threshold criterion used to

define the TF mask. The study reported here assessed the effect of training on the recognition of

speech in noise after processing by ideal TF masks that did not restore perfect speech intelligibility.

Two groups of listeners with normal hearing listened to speech-noise mixtures processed by TF

masks calculated with different threshold criteria. For each group, a threshold criterion that initially

produced word recognition scores between 0.56–0.69 was chosen for training. Listeners practiced

with one set of TF-masked sentences until their word recognition performance approached asymp-

tote. Perceptual learning was quantified by comparing word-recognition scores in the first and last

training sessions. Word recognition scores improved with practice for all listeners with the greatest

improvement observed for the same materials used in training.
VC 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4789896]
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I. INTRODUCTION

Listeners with hearing loss (HL) report difficulty

understanding speech in the presence of competing sounds;

in fact, this is often said to be their most common com-

plaint. In laboratory studies, listeners with HL require a

higher speech-to-noise ratio (SNR) than listeners with nor-

mal hearing to achieve the same speech-recognition per-

formance (Plomp and Mimpen, 1979; Turner, 2006; Helfer

and Freyman, 2008). The development of more-effective

signal-processing methods for reducing the impact of noise

on intelligibility is an important scientific and clinical goal.

One promising method for removing noise and improv-

ing speech intelligibility involves the calculation and

application of a binary time-frequency (TF) mask (Anzalone

et al., 2006; Brungart et al., 2006; Li and Loizou, 2008;

Wang et al., 2008, 2009; Kjems et al., 2009; Narayanan and

Wang, 2010). Generation of an “ideal” TF mask requires

independent knowledge of the speech to be enhanced, hence

the technique is currently not suitable for applications outside

the laboratory such as noise reduction for hearing aids. How-

ever, techniques based on TF masks that do not require prior

knowledge of the target signal may eventually be developed

to the point at which translational applications to audiology

are feasible; Wang (2008) has provided an extensive review

of the potential uses of TF masks in hearing-aid design.

In most studies of noise reduction by TF masks, mask

parameters are varied, and the effectiveness of the mask is

evaluated by measuring speech recognition for a small num-

ber of trials or sessions. Although some combinations of

TF mask parameters restore perfect intelligibility for SNRs

as unfavorable as �60 dB (Kjems et al., 2009), recognition

scores may decrease all the way to zero for some other com-

binations. The local threshold criterion used to define the

mask is especially important. The local criterion and its use in

constructing a TF mask are explained in detail in Sec. II B.

Low recognition scores may arise because a high threshold

removes speech information along with noise; alternatively,

low scores may occur because the mask will fail to remove

enough noise if the criterion is too low (Brungart et al.,
2006). In either case, but especially in the first, the signal

presented for identification may have an abnormal quality

that interferes with recognition. Training has been found to

increase understanding of speech when intelligibility has

been compromised by factors including noise or hearing

loss (Sweetow and Palmer, 2005; Burk et al., 2006; Burk

and Humes, 2007, 2009; Choi et al., 2009; Tyler et al.,
2010). The goal of the present experiment was to determine

whether the intelligibility of TF-masked speech would

improve with practice for conditions for which initial

intelligibility was low.
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II. METHODS

A. Stimuli

Speech stimuli consisted of sentences from the coordi-

nate response measure (CRM) corpus (Bolia et al., 2000).

Each sentence includes three key words and has the form

“Ready (call sign) go to (color) (number) now.” CRM sen-

tences are well-suited for a study of practice effects since the

same sentence can be presented repeatedly without regard

for possible effects of context, set size, or variation in diffi-

culty. Sentences in the complete CRM corpus include eight

call signs, four colors, and eight numbers, each of which is

spoken by 4 male and 4 female talkers. The experiments

reported here used a subset of 32 sentences produced by a

single male talker (number 0 in the original corpus) and

using the call sign “Baron.” The sentences were mixed with

noise whose spectrum matched the long-term spectrum of all

CRM sentences produced by male talkers.

B. Model parameters

Ideal TF masks were generated with procedures similar

to those described by Brungart et al. (2006), Kjems et al.
(2009), and Wang et al. (2008, 2009) The ideal TF mask is a

matrix of cells, each defined by a particular time interval

(“frame”) and frequency band. The stimulus within each cell

is evaluated and judged to be dominated either by speech or

by noise; that information is used to process the speech-

noise mixture to preserve speech and reject noise. The frame

length was 20 msec, and successive frames overlapped by 10

msec. The frequency bands were 0.20 octave wide, covered

the range from 0.1 to 6.0 kHz with 16 bands per octave, and

were implemented with second-order Butterworth filters;

with these specifications the filters had bandwidths that

are comparable to those of auditory filters (Moore and

Glasberg, 1987).

The masks were generated with SNR fixed at �12 dB.

Figure 1 shows spectrograms calculated for one representa-

tive CRM sentence, in quiet [Fig. 1(a)] and mixed with noise

[Fig. 1(b)]. With few exceptions, the noise completely

obscures the spectral and temporal features of the sentence in

the figure; perceptually, word recognition scores for CRM

sentences presented at this SNR with no additional process-

ing have been reported to be less than 0.1 (Eddins and Li,

2012). To generate a TF mask, the root-mean-square (RMS)

amplitude of the speech signal in each time-frequency cell

was compared to the RMS amplitude of the masking noise in

the same cell. The difference in levels was tested against a

criterion SNR; in this study, the threshold criterion was

the only mask parameter that varied across conditions. If the

SNR in the cell was equal to or greater than the criterion, the

cell was assumed to be dominated by speech and the gain for

that cell was set to 1; otherwise, the cell was assumed to be

dominated by noise and the gain was set to 0. The criterion

SNR can be described in absolute terms, that is, as the actual

SNR that must be exceeded to count the cell as dominated by

speech. This SNR has been referred to as the “local criterion”

(LC) by Brungart et al. (2006). The same criterion can be

normalized with respect to the overall SNR of the mixture; in

that case, the criterion is referred to as a “relative criterion”

(RC; Kjems et al., 2009). The two values are related to one

another by the simple equation RC ¼ LC � SNR. When rec-

ognition scores are shown as a function of RC, identification

is largely independent of overall SNR (Kjems et al., 2009).

For any particular SNR, recognition varies with RC (Brungart

et al., 2006; Kjems et al., 2009; Li and Loizou, 2008). Intelli-

gibility is essentially perfect for RC in the range from

approximately �20 to 0 dB but decreases for lower and

higher values of RC.

In the experiment reported here, the threshold criterion

was always specified as a RC. Ideal TF masks calculated for

three values of RC are shown in Fig. 2. The TF mask in

Fig. 2(a) was generated with RC ¼ �10 dB, a value that typ-

ically produces nearly perfect identification (Brungart et al.,
2006; Li and Loizou, 2008). Consistent with that, the pattern

of cells in the TF mask for which gain was set to 1 strongly

resembles the spectrogram for the sentence in quiet [Fig.

1(a)]. The TF mask shown in Fig. 2(b) was calculated with

RC ¼ þ10 dB. In this case, the density of cells set to have a

gain of 1 was much lower. As noted above, identification

scores decrease for values of RC in this region because the

TF mask rejects too much of the speech signal; this low-

density pattern is consistent with that. Figure 2(c) shows a

TF mask calculated with RC¼�30 dB. The density of cells

set to have a gain of 1 was much higher in this example; that

is also consistent with the previous statement that values of

RC in this range generally fail to reject enough of the noise

masker.

The TF mask was then applied to the speech-noise

mixture to generate the waveforms that were presented for

identification. To apply the mask, the speech-noise mixture

was analyzed in the same matrix of time-frequency cells as

before. For each cell, if the gain of the mask was 1, the

FIG. 1. Spectrograms of a representative CRM sentence in (a) quiet and (b)

mixed with noise at �12 dB SNR.
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waveform in that band and time frame was added to the output

waveform. If the gain of the mask was 0, the waveform in that

cell was discarded. The output waveform that resulted after all

cells had been processed was presented for identification.

C. Listeners

Data were obtained from 8 listeners (2 females and

6 males) between the ages of 20 and 32 years (mean 23.37

years). None reported any history of hearing difficulties, and

all had thresholds below 20 dB SPL (sound pressure level) for

pure tones at octave frequencies from 0.25–4.0 kHz. The listen-

ers provided informed consent and were paid an hourly wage.

D. Psychophysical procedure

Psychophysical measurements were made in a single-

walled sound-treated booth (Industrial Acoustics Corpora-

tion, Bronx, NY). Sentences from the CRM corpus were

mixed with noise and processed with a TF mask as described

previously. The waveforms were sent from a high-quality

sound card (Gina 3 G, Echo Digital Audio, Santa Barbara,

CA) to Sennheiser HD 280 (Sennheiser Electronic Corp.,

Old Lyme, CT) pro circumaural headphones. Waveforms

were always presented diotically. After each sentence pre-

sentation, the listeners identified the spoken color and num-

ber combination by using the computer mouse to select the

appropriate colored digit on the computer screen. Feedback

was provided after each trial. Sentences were presented in

blocks of 32 trials; each block included one repetition of

each color-number combination.

All listeners completed a pre-training phase, a training

phase, and a post-training phase. During the pre-training

phase, TF masks were generated with selected values of RC

that were thought likely to produce less-than-perfect word

recognition. Listeners completed a single block of 32 trials

at each of 6–10 values of RC in the range from �35 to

þ25 dB. For the training phase, RC for the TF mask was fixed

at one of two levels for which word recognition scores obtained

in the pre-training phase fell in the range from approximately

0.56–0.69. Group 1 heard sentences processed with a TF mask

generated with RC ¼ þ10 dB. Group 2 differed from Group 1

only in that the TF masks were generated with RC ¼ �30 dB.

During the training sessions, listeners completed an average of

30 blocks (960 trials) per day for 6 to 11 days within a 3 to 4

week period. The post-training phase was similar to the

pre-training phase in that sentences processed with TF masks

generated with a range of RC values were presented.

A trial was scored as correct if the listener accurately

reported both the color and the number. The proportion of

words scored as correct in a block or blocks of trials is

referred to as the word recognition score.

All procedures were reviewed and approved by the

Institutional Review Board at Utah State University.

III. RESULTS

Word recognition scores obtained during the pre-training

phase are shown in Fig. 3. The overall dependence of word

recognition scores on RC was consistent with the pattern

reported by others (Brungart et al., 2006; Li and Loizou,

2008). Word recognition was essentially perfect for values of

RC between �20 and �10 dB, but was lower for the other

tested values. Values of RC between �10 dB and þ10 dB

were omitted since as noted above the purpose of the

pre-training phase was to identify values of RC where

FIG. 2. TF masks calculated from the speech-noise mixture shown in Fig. 1.

Cells for which gain was set to 1 are shown in black. (a) RC¼�10 dB, (b)

RC¼þ10 dB, (c) RC ¼ �30 dB.

FIG. 3. Recognition of TF-masked CRM sentences before training. Open

symbols: mean of 4 listeners in Group 1. Filled symbols: mean of 4 listeners

in Group 2. Error bars are standard deviations across listeners. The arrows

identify the two values of RC that were selected for the training phase.
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performance improvements could potentially occur. As

expected, there were no differences between the two groups

during pre-training. The arrows in Fig. 3 mark the two values

of RC that were selected and used to process sentences dur-

ing the subsequent training phase.

Figures 4 and 5 depict intelligibility scores for the individ-

ual listeners during the training phase. Data from Group 1,

trained with sentences processed by TF masks with RC

¼ þ10 dB, are shown in Fig. 4. Data from Group 2, trained

with sentences processed by TF masks with RC ¼ �30 dB, are

shown in Fig. 5. For all listeners, identification scores for TF-

masked sentences increased during training. However, individ-

ual listeners improved at different rates and required different

amounts of practice to approach asymptotic performance.

Learning effects were evaluated by comparing intelligi-

bility scores obtained on the first and last days of training.

The change is shown for the individual listeners in both

groups in Fig. 6. The pattern of change was nearly the same

for each group with an average improvement in intelligibility

of approximately 0.22. A two-way analysis of variance

found that the main effect of practice was highly significant

(F1,4 ¼ 23.02, p< 0.01). There was no significant difference

between groups (F3,4¼ 1.72, p¼ 0.30).

Results from the post-training phase are shown for each

group in Fig. 7. Each panel compares pre- and post-training

FIG. 4. Recognition of CRM sentences processed by TF masks during the

training phase. Each panel presents data for 1 of the 4 listeners in Group 1,

for whom TF masks were generated with RC¼þ10 dB. Symbols show the

mean word recognition score calculated across all the blocks in a daily ses-

sion. Error bars are standard deviations.

FIG. 5. Same as Fig. 4 for the 4 listeners in Group 2. TF masks for Group 2

were generated with RC¼�30 dB.

FIG. 6. Change in word recognition from the first to the last session for lis-

teners in the two groups. Each symbol marks the mean score of 1 listener in

1 session. Open symbols: 4 listeners in Group 1. Filled symbols: 4 listeners

in Group 2.

FIG. 7. Post-training word recognition of TF-masked CRM sentences, com-

pared to pre-training scores. (a) Results from Group 1. Group 1 listeners

received training with sentences processed by a TF mask using the RC value

shown by the arrow (þ10 dB). Open symbols: mean word recognition prior

to training. Filled symbols: mean word recognition after training. Error bars

are standard deviations across listeners. (b) Same as (a) for Group 2. Group

2 listeners received training with sentences processed by a TF mask using

the RC value shown by the arrow (�30 dB).
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word recognition scores for sentences processed with TF

masks generated with a range of values of RC. As expected,

each group showed improvement for the RC condition for

which training was provided; the magnitude of improvement

is similar to that shown in Fig. 6, although the scores shown

here were obtained in sessions not included in the previous

figure. Recognition scores for the additional RC conditions

also tended to improve, but by smaller amounts. This is

shown with greater resolution in Fig. 8, which displays the

post-training change in recognition score. Forty-two of the

sixty-two scores shown in Fig. 8 were greater than zero, indi-

cating improvement after training, and only nine were less

than zero. As noted the largest increases were observed at

and around the values of RC selected for training, especially

for Group 1. The figure also includes nine comparisons of

scores obtained for sentences produced by a different male

talker, whose sentences were not presented during training.

Although the amount of data obtained with the different

talker was small, these scores generally fell within the same

range as the scores obtained with the same talker whose sen-

tences were presented during training; the clearest examples

can be seen for two listeners in Group 1 at RC¼ 10 and

15 dB. These results suggest that the beneficial effects of

training on word recognition did not strongly generalize to

sentences processed with TF masks generated with different

threshold parameters.

IV. DISCUSSION

Application of an ideal TF mask is a powerful method

for removing noise from a speech-noise mixture. Wang

(2005) has suggested that the separation achieved by an ideal

TF mask could serve as a baseline for evaluating other noise

rejection methods. With appropriate choice of parameters,

ideal TF masks have been shown to restore essentially per-

fect intelligibility for speech-noise mixtures. However, iden-

tification is not always perfect; in particular, previous studies

have shown that the intelligibility of speech processed by TF

masks is strongly dependent on the criterion used to separate

speech from noise.

When recognition scores are plotted as a function of the

relative criterion RC, identification is largely independent of

overall SNR for SNR as low as �60 dB (Kjems et al., 2009).

For any particular SNR, recognition varies with RC in a

pattern that can be subdivided into three distinct regions

(Brungart et al., 2006; Kjems et al., 2009; Li and Loizou,

2008). For RC values in the range from approximately �20

to 0 dB, identification is essentially perfect. Recognition

accuracy decreases outside that range. Pre-training recogni-

tion scores reported here were consistent with that pattern,

with the qualification that the range of RC values was

sampled less densely in this study than in others.

For RC greater than 0 dB, identification scores decrease

because the TF mask rejects too much of the speech (Brungart

et al., 2006). The TF mask shown in Fig. 2(b) was character-

ized by a low proportion of cells with gain set to 1, which

accounts for the loss of speech information. For RC less than

about �20 dB, identification scores also decrease, in that

case, because the TF mask rejects too little of the noise

masker. The TF mask shown in Fig. 2(c), which was charac-

terized by a high proportion of cells with gain set to 1, illus-

trates why that happens.

The results presented here showed that extended prac-

tice with sentences processed with a particular TF masked

produced in each group a consistent increase of about 0.2 in

recognition scores. A comparison of pre- and post-training

measurements suggested that the improvement was slightly

more dramatic for Group 1 [Fig. 8(a)]. However, comparable

improvements were not seen for the identification of speech-

noise mixtures processed with different TF masks. That may

reflect the fact that this study was carried out with a limited

stimulus set; additional experiments would be required to

determine whether training on a more diverse stimulus set

would lead to greater generalization.

The goal of the study reported here was to determine the

extent to which practice improves the identification of

speech-noise mixtures processed by ideal TF masks gener-

ated with threshold criteria that do not lead immediately to

perfect identification. This was done because it will eventu-

ally be possible to generate non-ideal TF masks that could

be used in real-world applications such as hearing aid pro-

cessors; a non-ideal TF mask is one that is generated without

FIG. 8. Post-training change in the recognition of TF-masked CRM senten-

ces. Scores greater than zero indicate improvement. Conditions for which

pre-training recognition scores were essentially perfect (RC between

�20 and 0 dB) are not shown. Data from individual listeners are shown with

different symbols. Filled symbols represent the change in recognition for

sentences produced by a single male talker. Open symbols represent the

change in recognition for sentences produced by a different male talker,

whose sentences were not presented during training. (a) Listeners from

Group 1 for which RC during training was þ10 dB. (b) Listeners from

Group 2 for which RC during training was �30 dB.
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prior knowledge of the speech signal that the mask must

extract. At least initially, non-ideal TF masks will not have

the same ability to reject noise as the most-effective ideal TF

masks do. Preliminary experiments to generate non-ideal TF

masks are underway in this laboratory, and in others (e.g.,

Kim et al., 2009). The present results suggest that when

those TF masks are evaluated, it will be important to provide

extended training before concluding that a strategy is inef-

fective. It cannot be said with certainty whether (or if) sound

quality from those TF masks will be degraded in a way that

is comparable to the degradation of sound quality produced

by the TF masks used in the training conditions in this

study. However, two different forms of degradation were

examined here: one that rejected too much of the speech

(RC¼þ10 dB) and another that allowed too much noise to

pass (RC¼�30 dB). Listeners showed improvement in each

condition, which may suggest that practice will produce

improvement in the intelligibility of speech processed in

other as-yet untested ways.
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